Abstract. Intraocular lenses (IOLs) are used in the cataract treatment for surgical replacement of the opacified crystalline lens. Before being implanted they have to pass the strict quality control to guarantee a good biomechanical stability inside the capsular bag, avoiding the rotation, and to provide a good optical quality. The goal of this study was to investigate the influence of the material and haptic design on the behavior of the IOLs under dynamic compression condition. For this purpose, the strain-stress characteristics of the hydrophobic and hydrophilic materials were estimated experimentally. Next, these data were used as the input for a finite-element model (FEM) to analyze the stability of different IOL haptic designs, according to the procedure described by the ISO standards. Finally, the simulations of the effect of IOL tilt and decentration on the optical performance were performed in an eye model using a ray-tracing software. The results suggest the major importance of the haptic design rather than the material on the postoperative behavior of an IOL. FEM appears to be a powerful tool for numerical studies of the biomechanical properties of IOLs and it allows one to help in the design phase to the manufacturers.
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1 Introduction
Nowadays, it is possible to achieve complete spectacle independence after cataract surgery due to improvements in several aspects, which include surgical techniques (control of the corneal aberrations), accuracy of preoperative measurements (biometry), intraocular lens (IOL) design, and technology development. The evolution of IOL optical designs, such as multifocal intraocular lenses (MIOLs) 1 and toric intraocular lenses (T-IOLs), 2 provides the patients good vision, not only for far, such as the monofocal IOLs, but also for near and intermediate objects and the possibility to correct the preexisting corneal astigmatism.
Nevertheless, many other factors need to be taken into account when selecting a particular IOL to be implanted in the treatment of cataracts. Material properties and haptic designs are of key importance for evaluation of the biomechanical stability of the intraocular implants inside pseudophakic eyes. 3, 4 On one hand, materials should be as inert and stable as possible and biocompatible to prevent the posterior capsule opacification (PCO). On the other hand, they have to be easy to handle concerning folding and implantation. Several studies have demonstrated that hydrophobic materials are associated with lower PCO than the hydrophilic. 5, 6 A sharp square edge design is thought to reduce risk of PCO compared with round optic edge. 7, 8 Another important issue about the IOL material is its capacity to recover its optical properties after implantation. It has been reported that the time of folding and unfolding of the hydrophobic material is significantly longer than for the hydrophilic material or silicone material, being smaller for silicone lenses, which is claim to be more elastic and seems to have a better shape memory. 9, 10 IOLs fabricated with hydrophobic materials require a higher force and longer relaxation time injected to restore their desired shape. 9, 10 Bozukova et al. 9 explained in detail the parameters on which this behavior depends for both types of materials.
The main function of haptics is to provide the proper positional stability to avoid the tilt and decentration of IOL, which may affect the optical performance, particularly in multifocal 11 and toric designs of IOLs. The optical performance metrics must satisfy the minimum requirements set out by the International Standards ISO 11979-2:2014. 12 Rotation around the optical axis is a major issue for toric IOL and the rotational stability may be crucial for good visual outcome. Patel et al. 13 compared silicone loop haptics with silicone plate haptics and reported better rotational stability of the silicone plate haptics. Another study 14 found that acrylic plate-and loop-haptics have similar rotational stability. Chang 15 found that the silicone plate haptics have a higher incidence of rotation than hydrophobic C-loop. Zhong et al. 16 found that single-piece IOLs exhibit better axial stability and more stable refractive outcome than three-piece IOLs. Rotation occurs most frequently in the early postoperative period, before anterior and posterior capsules fuse together with the lens. 17 The strength of IOL adhesion to the bag varies: hydrophobic implants have the highest adhesive properties, followed by the hydrophilic ones, then the polymethyl methacrylate (PMMA) IOLs, and finally the silicone IOLs. 18, 19 In addition, the lens design and the size of the capsule bag can play an important role in rotation of the implants inside the pseudophakic eye. IOLs with smaller diameters 20 and larger capsule bags of the patient's eye may be the factors to increase the risk of IOL rotation.
There are several methods to measure IOL decentration and tilt once it is implanted inside the pseudophakic eyes. These include slit lamp assessment, 21 retroillumination photography, 22 Scheimpflug imaging, 16 optical coherence tomography, [23] [24] [25] and measurements using Purkinje reflections. [26] [27] [28] But before the implant injection into the eye, a study on reliable prediction of the visual outcome of the implantation needs to be performed. Up to now, many efforts have been made to predict the postoperative visual quality of the pseudophakic eyes. Most studies focus either on the optimization of the optical geometry of the IOL [29] [30] [31] [32] or the influence of the postoperative lens position on the optical performance. 28, 33, 34 To reliably predict the postoperative optical performance and the mechanical behavior of the intraocular implant, it is required for IOL to have strict quality and performance features, which may be useful for this prediction. This stage is of major importance if the implantation is aimed to be a safer and even more effective method of cataract treatment. IOL designs must fulfill the strict requirements in terms of the optical performance (resolution efficiency or modulation transfer function), and in terms of mechanical properties, e.g., compression force, dimension tolerance, and dynamic fatigue durability. The ISO 11979-3:2012 35 specifies requirements of the test methods for certain mechanical properties of IOLs. There are several studies, 4, 9, 10 which have experimentally evaluated the biomechanical properties of different IOLs.
The purpose of the present study is to evaluate the biomechanical stability of four different IOLs of hydrophobic and hydrophilic materials with different optic and haptic designs using the finite-element model (FEM). The mechanical behavior of the materials was experimentally evaluated by an uniaxial compression relaxation test in a saline bath. The tests were performed according to the procedure described by ISO11979-3, 35 which establishes the compression of the IOL haptics until 10 mm for IOLs intended for capsular bag placement. The different parameters described in the ISO standard were evaluated along with the test. To our best knowledge, it is the first time that the behavior of different IOLs designs under dynamic compression conditions has been modeled using FEM. Also, the optical properties were evaluated with the use of pseudophakic eye model by means of ray-tracing software for the initial and final positions of the IOLs, resulting from the FEM modeling. The obtained results were discussed with in vitro and in vivo data presented in other studies. Microtester with a 50 N full-scale load cell. Before the experiments, the sample disks were submerged in a saline solution for 72 h. The material in this device is tested in uniaxial compression relaxation test in a saline bath. Three preconditioning cycles performed at 5.00 mm/min displacement rate, until 20% deformation, that preceded the 2.5 h relaxation phase were applied. Using the Instron software, the force-displacement responses were acquired. From the recorded data, strain is calculated as: λ ¼ ΔL∕L 0 , where ΔL is the measured displacement and L 0 is the initial thickness in dry conditions. Engineering stress is calculated as: P ¼ N∕A 0 , where N is the load registered and A 0 is the initial cross-sectional area of the sample normal to the loading direction.
Methods

Mechanical Characterization of Materials
Intraocular Lenses
Four monofocal aspheric IOLs to be implanted in capsular bag with different haptic designs and different overall diameters were analyzed. Figure 1 shows the main properties of the IOLs evaluated in this study: (1) model A is a single-piece IOL with non-angulated C-loop haptics; it has an overall diameter of 13.00 and 6.00 mm of optical diameter; (2) model B is a single-piece IOL with modified 5-deg angulated C-loop haptics; it has an overall diameter of 12.50 and 6.00 mm of optical diameter; (3) model C is a single-piece IOL with plate haptics within perforation; and (4) model D is a single-piece with plate haptics with a small hole (area hole is 3.24 mm 2 ). Model C and model D have an overall diameter of 10.75 and 6.00 mm of optical diameter. The model A was analyzed with both hydrophobic and hydrophilic materials, and the other models only with hydrophobic material.
All the lenses have an aberration-free aspheric IOL designs with a prolate anterior lens surface and no inherent spherical aberration. The power of the tested IOLs was þ22.00 diopters (D).
In Silico Evaluation of Compression Test
Numerical simulation of the biomechanical behavior of the IOLs during a compression test was performed by the finite-element method (FEM) using Abaqus 6.14 software. The tests were performed according to the procedure described by ISO11979-3, 35 which establishes the compression of the IOL haptics until 10 mm for IOLs intended for capsular bag placement. The IOL was placed between two clamps with faces having a radius of 5.00 mm and a distance approximately equal to the overall dimension of the IOL called reference configuration [see In this configuration, the following parameters were measured: the compression force measured at the horizontal plane, the axial shift measured at the vertical plane [see , the lateral decentration in x-and y-directions, the tilt in both x-and y-directions, and the angle of contact between the lens and the clamp. These parameters were evaluated in the reference configuration, in the final one as well as in the intermediate positions all along the test.
Quadratic full integration mixed formulation solid elements (C3D10H) were used to perform the simulations. A sensibility analysis of the mesh, with different mesh densities, was performed to minimize the computational cost (simulation time) and to get a reliable result. The final mesh density for each IOL is shown in Fig. 3 .
Certain areas, such as the haptic zones, required a higher mesh resolution because of the contact between the haptics and the clamps.
Optical Modeling
To estimate the effect of displacement of IOLs on the optical performance, a numerical model of a pseudophakic eye was implemented to optical analysis software (Zemax LLC) and the ray-tracing simulations were performed. The model was based on the emmetropic Atchison schematic eye (see Table 1 for details), 36 where the gradient index crystalline lens was replaced with a particular IOL to estimate the image quality deterioration being the result of the IOL displacement. Following the procedures presented in earlier studies, 28 for the purposes of optical performance simulations, the initial position of the IOL within the pseudophakic eye model was optimized so that its anterior principal plane coincided with the anterior principal plane of the crystalline lens of the original, phakic model. The magnitude of the IOL displacement (at the point of final configuration, where the distance between the clamps is equal to zero), namely tilt around the x-and y-axes, decentration along the x-and y-axes were adapted according to the characteristics resulted directly from the FEM modeling, presented in Sec. 4. The axial displacement was not taken into account in the optical performance simulations intentionally since it only produces a defocus (about 1.5 D for 2 mm of axial displacement), which masks the effects induced by decentering and tilt of the IOL. In a real pseudophakic eye, this defocus is associated with the refractive error, which is usually corrected by means of spectacle correction. ). For the purposes of all the optical performance simulations, the diameter of the physical pupil was set to 3 mm and the wavelength was 555 nm.
The optical performance estimation was performed for all the IOLs under consideration.
Results
Mechanical Properties of Materials
Although both the hydrophobic and hydrophilic materials present a viscoelastic behavior, in this work only the elastic response has been modeled. The average elastic responses for both materials are presented in Fig. 4 by the uniaxial stressstrain curves in compression and assuming the same behavior in tension. The material response exhibited a nonlinear behavior, modeled by an isotropic-incompressible hyperelastic model. The experimental results can be successfully approximated by a polynomial, N ¼ 2, strain-energy function (see Fig. 4) E Q -T A R G E T ; t e m p : i n t r a l i n k -; s e c 3 . 1 ; 3 2 6 ; 4 8 3
where I 1 , I 2 are the strain invariants of the symmetric right Cauchy-Green tensor, and C ij are the material constants. The values of the C ij parameters for the materials under consideration are given in Table 2 .
As shown in Fig. 4 , the hydrophobic material is more rigid than the hydrophilic.
In Silico Evaluation of Compression Test
Our first goal of this part of the study was to evaluate the behavior of the same design of IOL (model A) made of both materials: hydrophobic and hydrophilic. Figure 5 shows the evolution of Retina the compression force (left y-axis) and the axial displacement (right y-axis) as a function of the clamp displacement. As it can be observed in the figure, the compression force simulated numerically for the hydrophilic IOL was slightly lower than for the IOL made of hydrophobic material. This is a direct consequence of the measured materials properties (see Table 1 ). The compression force when the haptic is maximally compressed is 2.039 and 3.172 mN for the hydrophilic and the hydrophobic material, respectively. The axial displacement was the same for both materials 1.91 mm. The second goal of this part of the study was to compare the biomechanical properties for each IOL design, having different haptic designs, under the condition that all of them are made of the same material (hydrophobic). Figure 6 shows the evolution of the compression force (left y-axis) and the axial displacement (right y-axis) as a function of the clamp displacement for each of the IOL models under consideration. For the plate-haptic IOLs, the magnitude of the total clamp displacement is lower because of their smaller overall diameter (see Fig. 1 ). The presented characteristics clearly show that compression force and axial displacement depend significantly on the haptic design of the IOL. The axial displacement and the compression force have almost a linear behavior for the models B and C, whereas the other models reveal a larger instability during the process. The largest compression force is manifested for the models A and C. Table 3 shows the compression force and the axial displacement at the final configuration for each model of the IOL. The range of compression force variation was from 0.518 mN for the model B to 4.143 mN for model C. The numerically estimated axial displacement was very similar for all model IOLs, being slightly larger for the C-loop IOLs.
The decentration and tilt of the IOLs were calculated according to the procedure recommended by the ISO 11979-3.
35 Figure 7 shows the obtained results as a function of the clamp displacement. The optic decentration was estimated as the distance between the optic center of the IOL and the geometrical center of the two clamps. Such large peaks at the beginning of the decentration characteristics are the result of the distance between the round edges between the clamps being larger than the overall diameters of the IOLs. The characteristics obtained for the model A and both materials are very similar. Table 3 shows optic decentration and optic tilt values at the actual reference. All these values are largely lower than the tolerance limits acceptable by the current ISO standard. The highest value of the optic decentration and optic tilt at intermediate positions is obtained by the model A. The angle of contact is also shown in this table for each model. The range of angle contact variations was between 131 deg and 86 deg. Table 4 shows the relative values of the area under MTF calculated as the fraction of the area under MTF for the final configuration (with the displacement parameters seen in Table 3 , only the axial displacement was set to 0) compared with the area under MTF for the initial (reference) configuration (which Fig. 7 Evolution of (a) the optic decentration and (b) the optic tilt as a function of the clamp displacement for different models of IOLs. means all the displacement parameters set to 0). The area under the MTF was calculated for two ranges of frequencies, such as 0 to 30 and 0 to 60 cycles/deg. Table 5 shows the values of Zernike coefficients estimated for the conditions of the initial (reference) and final configurations.
Optical Performance Simulations
Discussion
In the present work, an in silico simulation evaluation of dynamic stability of different IOLs was performed using FEM software, according to the procedure described by the ISO 11979-3:2012. 35 To the best knowledge of the authors, it is the first time that the behavior of different IOL designs under dynamic compression conditions has been modeled using FEM. Two different materials and four different haptics designs and different overall diameters were analyzed. Additionally, the effect of lateral decentration and tilt of the IOL on the optical performance were studied in a model of a pseudophakic eye using a ray-tracing program. In the existing literature, the static biomechanical properties of different model IOLs were performed in vitro (laboratory investigation) 4, 9 and in vivo (rabbit) 10 in the meaning of either static performance or diurnal changes.
Because of the complexity of the approach to the mechanical stability presented in the current study, including the experimental measurements of the mechanical properties of the materials, simulations of the behavior of the IOLs under dynamic compression tests, and the optical performance stimulation, we will briefly review below the most important findings of our investigations.
First of all, the mechanical properties of the IOL materials were experimentally evaluated in uniaxial compression test in saline bath. The results showed both the hydrophobic and hydrophilic materials manifested nonlinear charasteristics, and the hydrophobic material was apparently stiffer than the hydrophilic one. Since the objective of the current study was to compare the response of different IOL models, for the purpose of this work we have modeled the stress-strain characteristics by means of the isotropic-incompressible hyperelastic model (see Fig. 4 and Table 2 ). The mechanical properties of the hydrophobic and hydrophilic materials measured in our study and used as input parameters for the numerical simulations were found similar to the ones measured experimentally by Bozukova et al. 10 Another key parameter introduced in the FEM was the geometry of the IOLs, including the designs of their haptics (see Fig. 1 ). Before starting the simulations, the appropriate mesh for each type of element and the boundary conditions were analyzed (see Sec. 2 for more details).
The tests described in the ISO standards 35 have been analyzed numerically with the proposed FEM. The compression force applied by the IOL haptics to capsular bag (in this case to clamps) has been calculated for a well diameter of 10 mm (which can be associated with mean anatomic capsular bag size). This parameter is crucial for IOL rotational and refractive stability. Figures 5 and 6 show the behavior of the compression force and the axial displacement as a function of the clamp displacement for the same design of IOL and different material and the same material (hydrophobic) and different haptics design, respectively. Three different stages can be observed in these characteristics: (a) in the first stage the compression force increases and the axial displacement is hardly visible; (b) in the second stage, the compression force decreases rapidly and the axial displacement increases instantly. In this point, the IOL is released from the point of stability and the IOL wobbles rapidly. This stage takes some time and the plot of axial displacement has the form of the damped oscillations, and (c) the third stage is manifested as a slow and monotonic increase of the displacement with an increase in the force. This behavior can be observed for both materials (see Fig. 5 ), but it is subjected to the different haptic designs (see Fig. 6 ). We have found that the compression force simulated numerically for the hydrophilic IOL was slightly lower than for the IOL made of hydrophobic material for the same design of IOL. For model B (angular haptics), the first stage is not present and the axial displacement of the lens appears instantly when the force is applied. The second stage (oscillations associated to the release of the IOL) is less visible, and there is no drop in the compression force characteristic. For model C (plate haptics), the second stage (oscillations) is not present and the displacement characteristics are rather smooth with only one single point of discontinuity, associated with the presence of the maximum of the compression force. For model D (plate haptics with a hole), the characteristics are mixed: the first stage is clearly present; the second stage is manifested by oscillations of the force, but not in the axial displacement; and the third stage is present, but the force is kept constant. The largest compression force is manifested for the models A and C. The range of compression force variation was from 0.518 mN for the model B (angular haptics) to 4.143 mN for model C (plate). Bozukova et al. 9 found a range of compression force variation between 0.34 and 3.65 mN, being higher for the IOLs with PMMA C-loops and plate hydrophilic acrylic haptics, followed by those with quadripod hydrophilic haptic. Lane et al. 4 found a range of initial compression force variation between 0.25 and 3.89 mN with a rate of the compression force decay slowed over time (specially 24 h after compression) as a consequence of viscoelastic behavior. These results manifest that the compression force depends strongly on the model of the IOL and its material.
The maximum axial displacement was very similar in all the models of IOLs under consideration, in the range of 1.20 to 1.91 mm. For comparison, Lane et al. 4 found a variation of the axial displacement between 0.15 and 1.98 mm, and they observed higher displacement values for the vaulted lenses. On the contrary, Bozukova et al. 9 found displacement values smaller than in our study, within the range from 0 to 1.032 mm. The knowledge of the axial displacement is important to estimate the final position of the IOL inside the eye (effective length position) and to predict the IOL power, avoiding/minimizing refractive "surprises." The manufacturers incorporate this parameter in the A-constant for each model of IOL. Decentration and tilt are important factors that affect visual quality and higher order aberrations. 37 Table 3 shows the obtained Table 5 Zernike coefficients (units in wavelengths) estimated using the pseudophakic eye model. The values in parentheses refer to the initial (reference) configuration, when no IOL displacement occurs. Another evaluated parameter was the angle of contact, and it is a measured approximation of the total haptic contact with the supporting ocular tissue. According to the earlier studies, 10 a higher degree of haptic contact would be beneficial in preventing the IOL from rotation and misaligning. The variations for all evaluated models IOLs was between 86 deg and 131 deg (see Table 3 ). There is no difference between the same design of IOL and different material. The lowest angle of contact was for the model B (angular haptics).
The simulations of the optical performance show that only small changes in the modulation transfer function and aberrations in terms of Zernike coefficients occur when the final configuration (that means the magnitudes of displacement parameters, except the axial displacement, are taken from the last point of characteristics) is compared with the initial configuration (all the parameters of displacement are set to zero).
Although monofocal IOLs are still frequently employed in the treatment of cataract, the MIOLs and the T-IOLs are increasingly used modalities. Although the axial rotation-as a parameter-is not the subject of the ISO 11979-3 standard, 35 it is a major issue of T-IOLs and MIOLs with nonrotationally symmetric designs and rotational stability is of crucial importance for satisfying visual performance results. There are several factors that can cause the axial rotation, including incomplete viscoelastic clearance, early postoperative IOL fluctuations, misfit in capsulorhexis size, optic and haptic design, and the material of the IOL. In this study, we performed the additional analysis of the axial rotation for each IOL models. In a real pseudophakic eye, this kind of movement can be associated with the residual activity of the accommodation mechanism, which was proved 38 to be preserved after IOL implantation. Figure 8(a) shows these results as a function of the clamp displacement. It can be seen that plate-haptic IOLs are rotationally stable, whereas the C-loop designs undergo the axial rotation while increasing the compression force. The maximal magnitude of the rotation varies from 6 up to 18 deg and is significantly lower for model B (angular haptics) than for both models A. This is in agreement with the above comments regarding the compression force and angle of contact. Figure 8 (b) presents the visualization of the behavior of the model A IOL under dynamic compression conditions (please note that for better visualization of wobbling and rotation of the IOL, the time axis is not uniform).
In summary, we present a FEM as a versatile tool to evaluate numerically the biomechanical stability of different IOLs, according to the procedure described in the ISO standards. 35 We have demonstrated that FEM is a powerful tool to study the behavior of different IOLs and it allows an increase of the predictability of the cataract surgery and to help in the design phase to the manufacturers. In this study, only a capsular bag size, a one-piece IOL designs and a dioptric power (þ22.00 D) have been considered, but the proposed method allows implementation of different capsular bags size, three-piece IOL (for example, IOLs with PMMA haptics), and dioptric powers and thickness of the IOL.
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